Objective: Recent studies have pointed to the role of the IGF system in adrenocortical tumorigenesis. The IGF-II gene is overexpressed in malignant adrenocortical tumors and its proliferative effects are mediated by the type-1 IGF receptor (IGF1R). The mannose 6-phosphate/IGF2 receptor (M6P/IGF2R) plays a key role in regulating cell growth, by ensuring the clearance and inactivation of IGF-II and facilitating activation of the growth inhibitor, transforming growth factor b (TGFb1). The M6P/ IGF2R has been implicated as a tumor suppressor gene in various human tumors. Methods: The purpose of this study was to determine if the M6P/IGF2R is involved in adrenal tumorigenesis. Two polymorphisms in the 3 H untranslated region of M6P/IGF2R were used to screen a large series of 76 sporadic adrenocortical tumors for loss of heterozygosity (LOH) by PCR amplification of DNA. Tumors were classified into three groups based on pathological features: benign tumors n 25Y suspect tumors n 22 and malignant tumors n 29X Results: LOH at the M6P/IGF2R locus was detected in 15 of 57 (26%) informative tumors and was more frequent in malignant tumors (58%) than in benign and suspect tumors (9 and 13% respectively). Conclusion: These findings provide evidence that LOH at the M6P/IGF2R locus is a frequent event in adrenocortical tumors and support the hypothesis that it may function as a tumor suppressor gene in adrenocortical tumorigenesis.
Introduction
Adrenocortical tumors are rare and the pathogenesis is still poorly understood (1±3). Some data, such as clonal analysis, have suggested that adrenal tumorigenesis is a multistep process with a sequential progression from normal to adenomatous and eventually malignant cells (4, 5) . Indeed, molecular studies of adrenocortical tumorigenesis have implicated genetic alterations in sporadic adrenocortical tumors and recent progress has resulted in the definition of several genetic markers. It is clear that some of these markers are strongly and specifically associated with the malignant phenotype. Abnormalities of the imprinted 11p15 region, 17p13 loss of heterozygosity (LOH), 2p16 LOH and 11q13 LOH are all highly specific for malignant adrenocortical tumors (2, 3) .
The insulin-like growth factor (IGF) system is involved in adrenocortical tumorigenesis. Dysregulation of the imprinted 11p15 region, resulting in the overexpression of IGF-II, has been implicated in the malignant transformation of adrenocortical tumors. Overexpression of IGF-II has indeed been demonstrated in about 90% of malignant adrenocortical tumors, but has not been detected in benign tumors (6) . The overexpression of the insulin-like growth factor-I receptor (IGF1R), which mediates the proliferative effects of both IGF-I and IGF-II, has also been described in malignant adrenocortical tumors (7) . In addition, using the adrenocortical H295R tumor cell line, we have shown that the proliferative effects of IGF-II are mediated by the IGF1R (8) . Finally, high levels of IGFbinding protein-2 (IGFBP2), which regulates the proliferative effects of IGF-II, are associated with malignancy in sporadic adrenocortical tumors (9) .
The mannose-6-phosphate/insulin-like growth factor 2 receptor (M6P/IGF2R), is a multi-ligand binding glycoprotein with a crucial role in regulating cell growth. It inactivates the growth factor IGF-II and mediates the activation of the growth inhibitor, transforming growth factor b (TGFb1) (10, 11) . Mice lacking functional M6P/IGF2R are up to 30% larger than their wild-type littermates and have high levels of circulating IGF-II (12±14). This growth increase can be fully attributed to high IGF-II levels because this phenotype is not seen in IGF2R mice that also lack functional IGF-II or IGF1R (13, 14) .
Evidence for an antiproliferative role of M6P/IGF2R is also provided by its frequent involvement in carcinogenesis. Indeed, deleterious abnormalities of the IGF2R gene (LOH, mis-sense mutation or microsatellite instability) have been described in various tumor types including breast carcinomas (15, 16) and hepatocellular carcinomas (17, 18) . Human mis-sense mutations have been expressed in vitro and most display impaired binding of IGF-II (19) . Dynamic functional evidence of a growth suppressive role for the receptor was further provided by sense and antisense transfection in choriocarcinoma (20) and colorectal carcinoma cells (21) , both cell lines being dependent on IGF-II for proliferation.
Taking into account the role of M6P/IGF2R in IGF-II clearance, the frequency of LOH at the M6P/IGF2R locus in other tumor models, the occurrence of LOH at this locus in some benign hepatocellular tumors and the importance of the IGF system in adrenocortical tumorigenesis, we tested whether inactivation of the M6P/IGF2R gene was important in adrenocortical tumorigenesis and whether it was involved in early tumorigenesis.
Patients and methods
A total of 76 patients (16±81 years old; 16 men and 60 women) with sporadic adrenocortical tumors were included in this study. Hormonal status and the stage of the tumor as localized, regional or metastatic were evaluated as previously described (22) . Histological features including high mitotic rate, atypical mitoses, high nuclear grade, low percentage of clear cells, necrosis, diffuse architecture of tumor, capsular invasion, sinusoidal invasion and venous invasion were carefully recorded. Tumors with none of these histological features were classified as benign. Localized tumors with 1±3 of these histological features were classified as suspect. Tumors with .3 of these features or documented metastasis or recurrence were classified as malignant tumors (23) . Clinical, hormonal and pathological data are summarized in Table 1 .
Twenty-five patients were diagnosed as having localized adrenocortical tumors (weight 9±141 g) strictly benign in histological appearance; 88% (22 of 25) of these patients had secreting tumors. Twenty-two patients were diagnosed as having suspect tumors (weight 8±400 g); 77% (17 of 22) of these patients had secreting tumors. Twenty-nine patients were initially diagnosed as having adrenocortical carcinomas, 10 with metastases, 4 with regional invasion and 15 with localized disease but histological data suggestive of malignancy; 86% (25 of 29) of these patients had secreting tumors, most with mixed secretion. Tumor weights were between 24 and 3600 g.
Tissue fragments, obtained during surgery, were immediately frozen in liquid nitrogen, and stored at 2808C until DNA extraction. Control leukocyte DNA for reference was available for all patients.
DNA extraction
We isolated leukocyte and tumor DNA as described previously (24) .
LOH analysis
PCR Two polymorphisms have been described close together in the 3 H untranslated region of the M6P/ IGF2R gene; a polymorphic dinucleotide repeat sequence (25) and a tetranucleotide deletion/insertion polymorphism (26) . The two polymorphisms together give a heterozygosity frequency of 58% (26) . We used fluorescent primers flanking the two polymorphisms to amplify by PCR a 158 to 168 bp fragment (GeneBank Accession number AF109291, nt 1183±1344; Fig. 1 ).
We then investigated the frequency of LOH at this locus in patients with adrenocortical tumors. In brief, 500 ng genomic DNA from normal (leukocyte) and tumor tissues was used for PCR in a final volume of 50 ml of 5 mmol/l NH Fig. 1 
Detection of polymorphisms
The amplified PCR products were analysed using the automated ABI PRISM sequencer model 373 A Genetic Analyzer (PE Applied Biosystems, Foster City, CA, USA). In brief, 2.5 ml deionized formamide was mixed with 0.5 ml GeneScan-500 (TAMRA) size standards (PE Applied Biosystems), 0.5 ml 2Â Agarose loading buffer and 1 ml PCR product diluted 1 in 10 or 1 in 20, in a Genetic Analyzer sample tube. The samples were denatured by heating for 5 min at 90 8C, chilled on ice, loaded on a 6% denaturing polyacrylamide sequencing gel and subjected to electrophoresis according to the manufacturer's protocol. Results were analysed with the Genescan PCR analysis software (version 1.2.2±1; PE Applied Biosystems).
In informative patients, allelic loss was determined by calculation of the ratio of the peak heights of normal and tumor alleles according to the following formula:
(peak height of leukocyte allele 2)/ (peak height of leukocyte allele 1) (peak height of tumor allele 2)/ (peak height of tumor allele 1) LOH was strongly indicated by ratios ,0.7 or .1.4 (27) . At least three independent sets of results were used to confirm LOH in each tumor.
Statistical analysis
Association between tumor group and allelic status at the M6P/IGF2R was calculated using contingency table methods and tested for significance using a chi-square test.
Results

LOH at the M6P/IGF2R locus
Seventy-six tumors classified on the basis of histological features were analysed. A total of 57 of the 76 patients (75%) (22 benign, 16 suspect and 19 malignant tumors) were informative for the polymorphisms studied ( Table 2 ). Six alleles (158±168 bp) were observed and their frequency was as described previously (26) .
A total of 15 of the 57 (26%) tumors exhibited LOH at the M6P/IGR2R locus, with a ratio ,0.7 or .1.4 (Fig. 2) . LOH for the M6P/IGF2R gene was detected in all three groups of tumors. However, the frequency of LOH was much higher in malignant tumors (58% of informative patients) than in benign and suspect tumors (9 and 13% of informative patients respectively; P 0X0006 (Table 2) .
In malignant tumors, LOH was not correlated with tumor expansion because LOH occurred in 7 of 10 localized tumors, in 1 of 3 tumors with regional expansion and in 3 of 6 tumors with metastases. The presence of LOH was also not correlated with hormonal pattern.
Discussion
Dysregulation of the IGF system, and particularly overexpression of the IGF-II gene, is involved strongly in the malignant transformation of adrenocortical tumors (6, 8, 9) . Both in vivo and in vitro data strongly LOH, loss of heterozygosity as determined by calculation of the ratio of the peak heights for normal and tumor alleles as described in the methods section.
suggest an antiproliferative function for the M6P/ IGF2R. Expression of M6P/IGF2R is often significantly reduced in a variety of tumors including breast cancers, gastrointestinal tumors and hepatocellular carcinomas (28±31). A high frequency of LOH with concomitant mutations in the remaining allele occurs at the M6P/ IGF2R locus in liver (18, 31±33) and breast tumors (15, 16, 34) . Moreover, LOH in adenomas and dysplastic liver lesions suggests that inactivation of the M6P/IGF2R may be an early event in hepatocellular carcinogenesis (31, 32) . Introduction of the observed human mutations in M6P/IGF2R alters the binding of IGF-II (19, 35) . Finally, sense and antisense transfection in cell lines dependent on IGF-II for proliferation has confirmed the antiproliferative function of M6P/IGF2R (20, 21) . In this study, we investigated whether inactivation of the M6P/IGF2R was important in adrenocortical tumorigenesis and could occur at early stages of tumorigenesis, thereby increasing the availability of the growth factor, IGF-II, which is essential for the proliferation of adrenal tumor cells (8) . We investigated the M6P/IGF2R gene by comparing the allelic status of leukocyte and tumor DNA from 76 well-characterized adrenocortical tumors. A total of 57 of 76 (75%) patients were informative for polymorphisms in the 3 H untranslated region of the M6P/IGF2R gene. This frequency was higher than the 58% heterozygosity rate previously reported (26) . This difference probably results from the greater sensitivity of the method used in our study because the resolution of close bands is more precise in fluorescence-based PCR than in radioactive manual gel electrophoresis.
The LOH at the M6P/IGF2R locus was found in 26% (15 of 57) of tumors. Like most genetic changes described to date in adrenocortical tumors (2, 3) , LOH at the M6P/IGF2R locus occurred more frequently in malignant tumors (58%) than in benign (9%) and suspect (i.e. premalignant; 13%) tumors. These results did not provide evidence for involvement early in tumorigenesis but did show that M6P/IGF2R LOH was associated with the malignant phenotype as for 17p13, 11q13, 11p15 and 2p16 LOH (2, 3) .
If the M6P/IGF2R functions as a tumor suppressor gene, then the remaining allele should be inactivated in tumors exhibiting LOH. Mutations in the remaining allele (including deletion in a region known to be prone to microsatellite instability) have been detected in liver and breast tumors (31) . The frequency of mutations in the remaining allele has not yet been evaluated for adrenal tumors. Alternatively, aberrant imprinting may be responsible for inactivation of the remaining allele. The M6P/IGF2R is maternally imprinted in most mouse tissues and this pattern is maintained throughout development and in all the somatic tissues of the adult (36, 37) . In humans, IGF2R imprinting is polymorphic, and monoallelic expression occurs in the preterm post-implantation embryo, but only in about 50% of individuals (38) . Recently, Xu et al. (39) showed that abnormal fetal imprinting of the IGF2R, with marked repression of the paternal allele, occurs with a frequency of 50% in Wilms' tumors. This tumor model has mechanisms of pathogenesis in common with adrenocortical tumors. The high frequency of aberrant M6P/IGF2R imprinting in the kidneys of Wilms' tumor patients suggests that this may be a predisposing factor for tumorigenesis. This mechanism requires further investigation in adrenocortical tumors.
In conclusion, this study investigated LOH at the M6P/IGF2R locus in a large series of well-characterized human adrenocortical tumors and showed that the M6P/IGF2R gene may be involved mechanistically in adrenocortical tumorigenesis.
